Abstract -Radiation crosslinking of polyolefins has gained interest for the development of advanced heat-shrinkable materials. Propylene homopolymer (PP1), polypropylenepolyethylene block copolymers (PP2, PP3) and their mixtures with 3 wt.% of bisphenol A dimethacrylate (BPDMA) crosslinking agent were irradiated with 25-150 kGy of accelerated electrons and were compared for aforementioned purpose. The studied mechanical properties indicated increased elongation in the presence of BPDMA that was contributed to the crosslinked moieties of PP and the crosslinking agent. The shrinkage stresses were comparable to that of polyethylene based heat-shrinkable material.
I. INTRODUCTION
Polypropylene (PP) homopolymers, random and block copolymers have a notable role as inexpensive, meltprocessable materials with high impact strength. They are widely applied for industrial and engineering needs, such as packaging, coating and construction materials, and parts of electronic devices [1] . The use of ionizing radiation (gamma rays, electron beam or ion irradiation) has several advantages over conventional chemical and thermal processing of PPs and their composites, for example, the sterilization of polypropylene with up to 25 kGy doses and improvement of their physical properties at doses reaching >25 kGy [2] , [3] .
During last decades, several methods have been investigated to increase the radiation stability of PP. Several additives have been used, such as antioxidants based on hindered amines, organic phosphites, phenol type antioxidants [4] , [5] , and several crosslinking agents mainly based on monomers with allyl and acrylate functional groups that can engage in radical reactions by grafting onto polymer matrix after irradiation and during radiation-chemically induced processes [6] , [7] . The authors of [8] have found that well known crosslinking agent triallyl cyanurate (TAC) acts as energy transfer agent. This results in prevention of degradation due to the transfer of energy through the triazine ring; this is not possible in the case of aliphatic acrylates like trimethylolpropane triacrylate (TMPTA) possessing relatively low thermal stability due to increased volatility. More functionalized acrylate and methacrylate crosslinking agents have been researched in last decades. Bisphenol A dimethacrylate (BPDMA) as aromatically stabilized methacrylate monomer is an alternative to aliphatic additives. The functional group of bisphenol synthesized from acetone has aromatic functional groups that have a protective effect; the resonant structure of the aromatic rings enables a considerable amount of energy to be absorbed without any rupture of the bonds [8] .
The purpose of our work is related to former investigations [9] in the field of thermosetting materials based on crosslinked thermoplastic polymers. The doses starting from sterilization level (25 kGy) up to the doses of saturated polyolefin crosslinking (150 kGy) were used for the treatment of PP specimens based on their application in the development of heat-shrinkable materials [9] . Currently, the heat-shrinkable materials are mainly based on low or high density polyethylene or their copolymers, such as polyethylene-1-octene copolymer commercially manufactured by Cryovac and Raychem companies [10] , [11] . Residual thermo-relaxation stresses caused by heating of irradiated and oriented polyethylene that depend on material properties (crystallinity, molecular weight, morphology, etc.) and the residual stresses formed during recrystallization processes are the most important parameters of such materials [12] . The presented work is dedicated to investigation of mechanical and thermomechanical properties of medium density polyethylene compositions grafted with 3 wt.% of BPDA after irradiation with up to 25-150 kGy by high-energy (5 MeV) accelerated electrons. Blending of PP pellets with crosslinking promoter was carried out by thermoplastic mixing at 190 °C for a total of 4 min. A constant content (3 wt.%) of BPDMA additive was added to all the PP specimens. Compression-molding to obtain the plate specimens of all three PP and their mixtures with the BPDMA additive (average thickness of 0.5 mm) was performed at 190 °C at 1 MPa pressure.
Specimens of pristine PPs and PP mixtures with the BPDMA were irradiated at air atmosphere using a linear particle accelerator (Salaspils, Latvia) that generated accelerated electrons of 5 MeV energy. The dose rate of 1.2 MGy·h −1 was used. The irradiation doses were 25 kGy, 50 kGy, 100 kGy and 150 kGy, respectively.
III. METHODS
Tinius Olsen H1K-S testing machine was used to determine Young's modulus and tensile characteristics up to the sample rupture at room temperature.
Stress-strain behaviour of composites was determined by Tinius Olsen H1-KS universal testing machine at room temperature at a tension rate of 50 mm·min −1 and tension rate of 1 mm·min −1 was used to determine elastic modulus. Thermomechanical curves of radiation modified blends were investigated at the temperature range of 20°C to 200 °C. The thermal-relaxation stresses (σTR) and the residual shrinkage stresses (σRS) were determined for the radiation-modified specimens after the orientation of their tensile axis by up to 100 % at a temperature of 170 °C, followed by cooling to room temperature. Specimens in the form of 5 mm × 5 mm × 2 mm strips were gradually heated and cooled under isometric conditions. Control of the heating-cooling mode was carried out on an experimental stand equipped with a heating chamber. The following parameters were used: heating range 25°C to 200 °C, cooling range 200 °C to 25 °C, heating and cooling rate 7 °C·min −1 . The changes in stress values were determined by a force sensor (Micro Switch Force Sensor FSG-15N1A, Honeywell Sensing and Control, USA) with a sensitivity of 0.01 N.
IV. RESULTS AND DISCUSSION

A. Mechanical Properties
Tensile properties were determined for specimens of pristine PPs and PPs with BPDMA from the stress-strain curves. Formation of neck at the yield point in case of all PPs conforms to the character of semi-crystalline polymers. The values of stiffness and strength increased for specimens that reached the maximum at doses of 25 kGy to 50 kGy. The later increase of irradiation dose affected increase of the chain scission rate that was reduced in the presence of BPDMA due to the existence of the aromatic ring enabling a considerable amount of energy to be absorbed without any rupture of the bonds. The stress-strain curves of unirradiated and irradiated up to 150 kGy PP1, PP2 and PP3 and specimens with the BPDMA additive are shown in Fig. 1 . Block copolymers of pristine PP and PE showed a different character compared to PP homopolymer -the viscouselastic deformation of PP2 was dependent on the moieties of PE block-groups, inducing a second yielding at 20 % deformation level, still remaining a character of strengthening at the plastic deformation up to rupture (curve 4, Fig. 1) , where for PP3 the rigid structure affected loss of strengthening behavior (curve 7, Fig. 1) .
The yield stress attributed to the maximum strength before the plastic deformation for pristine PPs decreased proportionally with decrease of melt flow index (PP1 < PP2 < PP3). This may be indirectly attributed to increase of molecular weight. The branching of copolymer structure due to polyethylene macromolecule moieties may impact decrease of yield character. For example, the yield point for entire PP homopolymer (PP1) was 41.9 MPa in comparison to 29.0 MPa for PP2 and 27 MPa for PP3. The values off stress at yield tended to increase slightly for all the materials with increase of irradiation dose. At the maximum dose of irradiation (150 kGy) the values of 42.2 MPa, 31.2 MPa, and 28.2 MPa were determined for PP1, PP2, and PP3, respectively. The values of stress at yield showed a more pronounced increase for the specimens with the BPDMA by almost 2 MPa with the dose compared to unirradiated PP/BPDMA specimens. A different character of mechanical properties for homopolymer PP1 was investigated in comparison to both the block copolymers (PP2 and PP3). (7) and irradiated up to 150 kGy specimens of pristine PP1 (3), PP2 (6), PP3 (8) and specimens containing 3 wt.% of BPDMA: PP1 (2), PP2 (5), PP3 (9).
B. Thermomechanical Properties
Thermomechanical curves of oriented PP homopolymer (PP1) are shown in Fig. 2 and thermomechanical curves of both block copolymers PP2 and PP3 are shown in Fig. 3 .
Thermomechanical curves of radiation crosslinked low density polyethylene (LDPE) with degree of crystallinity Xc = 40 % (curve 1, Fig. 2 ) and of high density polyethylene (HDPE) with degree of crystallinity Xc = 59 % (curve 2, Fig. 2 In the initial process of producing thermo-shrinkable materials, it is necessary to find the optimal temperature for the orientation extension process of the radiation crosslinked specimens; detailed information is described in our previous studies [9] . For example, for HDPE it is carried out at 150 °C, above the melting point of the crystalline phase (>130 °C) [9] . The temperature range from 150 °C to 180 °C was tested for the samples of PP and their mixtures with BPDMA. The optimal temperature for the orientation extension was 155°C to 160 °C. However, none of PP specimens implied to loss in gel fraction and crosslinking efficiency compared to the specimens containing the crosslinking agent.
Increase of both thermorelaxation and residual shrinkage stresses in comparison to LDPE and HDPE was determined from thermomechanical diagrams of PP1 grafted with 3 wt.% of BPDMA (Fig. 2) . The values of thermorelaxation stress increased about 1.9 times for specimens with BPDMA promoter at dose D equal to 25 kGy in comparison to HDPE, while the value of residual shrinkage stress increased 1. (Fig. 2) ; this was attributed to reduced crystallinity of radiation crosslinked materials [9] . At the dose D = 150 kGy the thermorelaxation stresses were even higher than the values of HDPE and LDPE, while the values of residual shrinkage stress remained similar. Thermomechanical curves of PP2 and PP3 (Fig. 3) indicated increase of thermo-relaxation stresses in comparison to PP1 that may be attributed to previously predicted intermolecular crosslinking and structural reorganization during the chain scission and crosslinking processes of PP and PE macromolecular segments. Effect of the irradiation dose was similar to that seen in the case of PP1, while the values of thermorelaxation stresses decreased with increment of irradiation dose to 100 kGy for both block copolymers. The values of residual thermal shrinkage stresses for PP2 were in the range of 1.5 MPa to 1.7 MPa and reduced with the increment of absorbed dose.
The relatively low values of residual shrinkage stresses of PP3 may be attributed to reduced PP crystallization compared to PP1 and PP2, while the values were greater than that of LDPE due to the presence of PP segments in the copolymer. It is also a coincidence that the results of mechanical and deformation properties according to which stiffness increases of the irradiation dose that is caused by restructuring of crystallites in PP matrix during the cooling.
The values of thermorelaxation stresses for PP2 and PP3 were from 2 to 2.5 times greater than the values determined for HDPE in previous studies (0.95 MPa and 0.8 MPa in comparison to 0.38 MPa for HDPE irradiated at D = 150 kGy). For practical reasons very high thermorelaxation stresses are not always desired as they may be contribute to intermolecular stresses during the orientation. These may be the reason for increased heterogeneity of deformation and may affect a rupture of macromolecular bonds during the setting of the materials at the cooling [9] . That is undesired and may be in some cases the reason for lower values of residual stresses at the doses >50 kGy for specimens of PP2 and PP3. 37 the presence of BPDMA as suitable candidates for the development of heat shrinkable materials. From the mechanical tests we can conclude that the most suitable for application as thermosetting material is PP homopolymer modified with 3 % BPDMA and irradiated with doses 25 kGy to 100 kGy. Meanwhile the block copolymers had higher thermorelaxation values in comparison to homopolymer; their mechanical and thermomechanical behavior was affected by decreased stability under the irradiation at doses >50 kGy; decrease of residual stresses at D > 25 kGy may affect the durability of these materials in long time periods causing increase of the brittleness during the process of shrinkage.
